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Abstract Extracellular-superoxide dismutase (EC-SOD) exists primarily in the tissue interstitium and the lung con-
tainsparticularlylarge amounts ofthe enzyme.To determinetheroles of EC-SODandextracellularly formed superoxide
radicals in the pulmonary response to the common air pollutant ozone, wild-typemice andmice lacking EC-SODwere
exposed to 1 5 ppm ozone for 48 h.The exposure resulted in a marked neutrophilic inflammatory reaction observed
both inthe bronchoalveolar lavage fluid (BALF) andbyhistopathologyofthe lungs, whichwasmuch stronger inthemice
lacking EC-SOD.Unlike the wild-type mice, the nullmutants also showed increased levels of interleukin-6 in the BALF.
The ozone exposure also resulted in increased airwaymucosal permeability and cell damage as indicated by increased
protein andlactate dehydrogenase inthe BALF.Therewas, however, no differencebetweenthetwogroups ofmice.The
results suggestthatextracellular superoxide radicals are important inflammatorymediators in the pulmonaryresponse
to ozone, but in the presentmodel, the radical and the infiltrating neutrophils contributed little to the pulmonary injury.
The data, together with previous findings, support a role for EC-SODas amodulator of inflammatory reactions.r 2002
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Extracellular-superoxide dismutase (EC-SOD) is a tetra-
meric, copper-and zinc-containing glycoprotein (1). An
important property of EC-SOD is its a⁄nity for heparin
and heparan sulphate (2) and, in vivo, the bulk of the en-
zyme is anchored to heparan sulphate proteoglycans in
the connective tissue interstitium and on cell surfaces
(2, 3). A small fraction of the EC-SOD in the body is
found in extracellular £uids such as plasma, lymph, syno-
vial £uid and cerebrospinal £uid (4, 5).The two additional
mammalian superoxide dismutase isoenzymes are lo-
cated in other compartments: CuZn-SOD in the cyto-
plasm and Mn-SOD in the mitochondrial matrix. The
physiological roles of the SOD isoenzymes should di¡er,
since the substrate, the superoxide anion radical, crosses
membranes poorly. Functional di¡erences are alsoReceived 26 February 2001and accepted in revised form 30October
2001.
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the expression of the enzymes (6). EC-SOD synthesis is
primarily regulated by in£ammatory cytokines (6). Mice
lacking EC-SOD display no obvious spontaneous pheno-
type, but die prematurely from fulminant lung oedema
when exposed to hyperoxic conditions (7).
In the mouse, the lung contains particularly large
amounts of EC-SOD. Several studies have shown
that the common air pollutant ozone, at low ambient
levels, can adversely a¡ect lung function, increase aller-
gen sensitivity and cause neutrophilic airway in£amma-
tion in humans and animals (8). Ozone is strongly
oxidizing and attacks compounds of the airway surfaces.
A series of toxic compounds are thereby formed includ-
ing reactive oxygen species, and antioxidants including
EC-SOD (9) are induced in the lung following ozone ex-
posure (10).The present study was undertaken to eluci-
date the roles of extracellularly formed superoxide
radicals and EC-SOD in the pulmonary response to
ozone.We examinedbronchoalveolar lavage £uid (BALF)
and morphological changes in the lungs after ozone ex-
posure of mice lacking EC-SOD in comparisonwith nor-
mal wild-typemice.
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Mice and ozone exposure
The EC-SODnullmutantmiceweregeneratedbyhomo-
logous recombination (7). Pilot experiments using suba-
cute exposure (0  2ppm) showed themouse strains used
in these studies (C57Bl/6129/SV) to be relatively resis-
tant to ozone (c.f. refs11,12). In total,16 EC-SODnullmu-
tant and16 wild-type mice were exposed to ozone.Two
sets of experiments were conducted, each with eight
EC-SOD null mutantmice and eight wild-typemice.The
mice were12 weeks old and all female. All 16 mice were
placed together in a Perspex chamber with a 12-h light/
dark cycle and were fed food and water ad libitum. The
chamber was £ushed with ¢ltered air (relative humidity
50% and temperature 201C) containing ozone at
2300 lh1 for 48h.The ozone was generated by electric
discharges in oxygen by a Fischer Ozone Generator
(500NM, Fischer Labor und Verfarhrens-Technik-
GmbH, Germany) and the chamber level was continu-
ously measured photometrically and kept constant at
1?5ppm. Eight EC-SOD null mutant mice and eight wild-
type mice inhaling only air served as references for the
ozone-exposed animals.
Bronchoalveolar lavage
Themicewere sacri¢ced by cervical dislocation immedi-
ately following exposure, and the left lung lavaged with
2 0  3ml 0  9%NaCl solution through a1 1mmcathe-
ter connected to a syringe.The £uidrecovery was 73% in
the null mutant group and 69% in the wild-type group.
The total cell number was counted in a Bˇrker chamber.
The BALF was subsequently centrifuged at 400 g for
15min and cell slides were prepared using a Cytospin 3s
(Shandon Southern Instruments Inc., Sewikly, PA, USA)
at 96 g for 5min. After staining according to May^Grˇn-
wald Giemsa for di¡erential cell counts, 200 cells per
slide were counted. Readings were done on blinded
slides.The totalprotein concentrationswere determined
with Coomassie BB G-250 (Protein Assay, Biorad, Her-
cules, CA, USA), lactate dehydrogenase (LD) with a re-
agent kit (Boehringer Mannheim GmbH, Mannheim,
Germany), and interleukin-6 (IL-6) by an ELISA (R&D
systems, Minneapolis, MN, USA). The detection limit
was o2pgml1. Interleukin-6 is a common marker of
lung tissue in£ammation after ozone exposure (13).
Morphology of the lungs
The right lung was perfusion-¢xed through the trachea
with a solution of 3 7% formaldehyde/4% glacial acetic
acid at the pressure of a 20 cmwater column.The speci-
menswere ¢xed for 8h, transferred to a graded series of
ethanol baths for dehydration and subsequently pro-cessed for para⁄n sectioning. Four-mm thick sections
were stained with haematoxylin and eosin. Since the
terminal bronchioli are known to exhibit the most pro-
nouncedmorphological changes after oxidant exposures
to air pollutants such asNO2 and ozone, themicroscopic
scoring was focused on this area (14). Readings were
done with the identity of the slides masked. At least
three terminal bronchioli in close association with large
venules in three di¡erent sections were read in each ani-
mal, andmean scoreswere used for comparison.The de-
gree of in£ammation in terms of neutrophil in¢ltration
and oedema in the terminal bronchioli was given a score
between 0 and 4, as follows; 0=no in£ammation; 1=mild
in£ammation; 2=moderate in£ammation; 3=severe in-
£ammation; 4=very severe in£ammation (15).
ASSESSMENTOFLUNGOEDEMA
A lower lobe of the right lung was dissected free and
placed in a pre-weighed glass vial. After determination
of the wet weight of the tissue, the vials were dried to
constant weight at 601C.The oedema was expressed as
the ratio between thewet weight and the dry weight.
Statistical analysis
Data aregenerallypresented asmeans7SD. Analyses for
statistical signi¢cance of di¡erencewereperformedwith
the non-parametric Mann^Whitney U^Wilcoxon Rank
SumW test for independent groups, using the statistical




In the BALF, there was a large increase in the number of
neutrophil leukocytes in the mice exposed to 1 5ppm
ozone for 48h, and mice lacking EC-SOD showed a sig-
ni¢cantly greater increase than did the wild-type mice
[Fig. 1(a)] (1 3171 8104 and 0  4870  87104 cells
ml1 of BALF for the EC-SOD null mutant mice and
wild-type mice, respectively, P=0  017). The number of
macrophages in the BALF did not di¡er signi¢cantly be-
tween the two groups of mice after the ozone exposure
[Fig. 1(b)], nor did the number of lymphocytes
[0 1470 39104 (n=13) and 0  04570 10104 (n=14)
cells ml1of BALF for the EC-SOD nullmutantmice and
wild-typemice, respectively,P=0 12)].Therewas no sta-
tistically signi¢cant di¡erence in the total number of la-
vagable cells from the airspace between mice from the
two groups after exposure to ozone [4  0772  9104
(n=13) and 2  9371 4104 (n=14) cellsml1of BALF, for
the EC-SOD null mutant mice and wild-type mice,
respectively, P=0  50]. In the air controls there were no
FIG. 1. Resultsof analysesof BALF variables andmorphologyof lung tissueofmice afterexposureto1 5 ppmozone for 48 h, or air. (a)
Neutrophil leukocytes, (b) alveolarmacrophages, (c) interleukin-6, (d) lactate dehydrogenase, and (e) totalprotein. (f) The in£amma-
tion score as determined from tissue sections of the lungs.Open circles representmice lacking EC-SOD and closed circles wild-type
mice.
OZONE-INDUCEDINFLAMMATIONANDEC-SOD 211signi¢cant di¡erences in the number of in£ammatory
leukocytes between the two groups of mice [Figs 1(a)
and1(b)].
Interleukin-6
The levels of IL-6 in the BALF of the air control mice
were below the detection level in all individuals except
one [Fig. 1(c)]. In contrast, there was a signi¢cant in-
crease in IL-6 in the BALF in the ozone exposed mice
lacking EC-SOD compared to the air controls (P=0  02).
The increasewas also larger than that seen in the ozone-
exposed wild-type mice (P=0  04).The BALF IL-6 levels
in thesemice did not signi¢cantly di¡er from the air con-
trolmice (P=0  96).
Tissue damage andpermeability
There was a 3^4-fold increase of the intracellular en-
zyme LD in the BALF of mice exposed to ozone com-
pared to the air controls. This indicates that the ozone
inhalation caused damage to the cells in the lung, but
there was no di¡erence between the null and wild-type
groups [Fig.1(d)].To assess the increase in airway muco-
sal permeability of the lungs following ozone exposure,
the amount of protein present in the BALF was deter-mined. As for the levels of LD, therewas a di¡erence be-
tween the ozone-exposedmice and the air controls, but
not between the two groups of mice exposed to ozone
[Fig.1(e)].
Morphology of the lung tissue
Therewere no signs of in£ammation in the lung tissue of
EC-SOD null mutant mice and wild-type mice when in-
haling air [Figs 1(f), 2(A) and 2(B)]. The interstitia were
thin and normal, both in the alveoli and in the terminal
bronchioli. In contrast, lung tissue from mice exposed
to 1 5ppm ozone for 48h showed a marked in£amma-
tory reaction [Figs 1(f), 2(C) and 2(D)], similar to what
has been described previously (14). The in£ammation
was most pronounced in the terminal bronchiolar re-
gion, and showed oedema and in¢ltration of in£amma-
tory cells from the vessels adjacent to the terminal
bronchioli and into the interstitium and airway walls. In
the separately evaluated BALF, this neutrophil tra⁄c ap-
peared as increased numbers of neutrophils in the air
spaces [Fig. 1(a)]. In the tissue sections, more in£amma-
tory cells were additionally seen in the alveolar capil-
laries, together with a mild alveolar oedema. In the
airway epithelium and submucosa there were also in-
creased numbers of in£ammatory cells present.
FIG. 2. Tissue sections showing the terminal bronchioli of the mice.The photographs are representative for an individual with the
mean in£ammation score of each group. Arrows indicate venules in association with terminal bronchioles and asterisks terminal
bronchioles. (A) air control EC-SOD nullmutantmouse, (B) air controlwild-typemouse, (C) EC-SOD nullmutantmouse exposed to
ozone, (D) wild-typemouse exposed to ozone.
212 RESPIRATORYMEDICINEThe semiquantitative morphological analyses focused
on the terminal bronchiolar changes. There was a
relatively large variation in in£ammation score between
individual mice within the two groups. The overall in-
£ammation score of the EC-SOD null mutant mice was
signi¢cantly higher [Fig.1(f)] (1 8970  84) than that for
thewild-typemice (0  6470  97, P=0  0008).Oedema
Therewas no detectable oedema in the lungs of themice
exposed to ozone as determined by wet weight/dry
weight ratios.The ratios did not di¡er signi¢cantly from
the air controls (4  870  5, n=16 and 5 270 3, n=8 for
the EC-SOD nullmutantmice exposed to ozone and air,
OZONE-INDUCEDINFLAMMATIONANDEC-SOD 213respectively; 5 270  8, n=16 and 5 270  2, n=8
for the wild-type mice exposed to ozone and air,
respectively.
DISCUSSION
Ozone exposure induced a marked in£ammatory re-
sponse, characterised by increased levels of neutrophils,
IL-6, LD and protein in the BALF, as well as a marked
neutrophilic in£ammation of the lung tissue in full accor-
dance with previous studies in animals and humans (10,
14).The mice lacking EC-SOD showed a greater neutro-
philic in£ammation and, unlike thewild-typemice, an in-
crease in IL-6 in the BALF was observed.On the other
hand, therewere no signi¢cantdi¡erences in cell damage
and airwaymucosal permeability as indicated by leakage
of protein and LD to the BALF.
The EC-SOD null mutant mice have previously been
shown to be similar to wild-type mice in health status,
in several antioxidant enzymes, and in a variety blood
variables including leukocytes (7). Likewise, in the pre-
sent study we found no signi¢cant di¡erences in the
BALF variables and histology between the wild-type
and EC-SOD null mutant mice serving as air controls.
Compensatory inductions of other antioxidant enzymes
and di¡erences in the other analysed variables should
thereforenotconfound the interpretation of thepresent
study.
The lungs (7) and arterial walls are the organs in mice
that contain the highest activities of EC-SOD. The en-
zyme is expressed by a variety of cell types in the lung
(16). Using immunohistochemistry, it has been shown
both in themouse (17) and the human lung (18) that EC-
SOD is concentrated in thematrix under the epithelium,
in the matrix surrounding vessels, around smooth mus-
cle cells in larger airways and in alveolar septa. The en-
zyme thus exists in signi¢cant amounts in locations in
which the in£ammatory changes were found in the pre-
sent study.
Ozone primarily reacts with a variety of components
of the pulmonary epithelial lining £uid (19, 20). Several of
the secondary products formed are very reactive and in-
teractwith cells of the airways,which respondby secret-
ing pro-in£ammatory factors (13, 20). In the resulting
in£ammatoryreaction, a varietyof sources of extracellu-
lar superoxide radicals can be envisaged, including acti-
vated NAD(P)H oxidases in neutrophils, macrophages,
endothelial cells, ¢broblasts, and smooth muscle cells
(21) and as a by-product during prostaglandin and leuko-
triene biosynthesis (22).
The signi¢cant di¡erence in ozone-induced in£amma-
toryresponsebetween the EC-SODnullmutant and the
wild-type mice, suggests that superoxide radicals in the
extracellular space contribute to the ampli¢cation of
the in£ammatory response, particularly the in£ux ofleukocytes. The present ¢ndings may be related to the
previous ¢ndings that injection of SODreduces adhesion
of leukocytes following tissue ischaemia/reper-
fusion (23), and infusion of oxidized low-density lipopro-
tein (24).
Despite the enhanced neutrophilic in¢ltration in the
EC-SOD null mice, there was no evidence for enhanced
cell damage and airway mucosal permeability, re£ected
by increased LD and protein levels in BALF compared
towild-typemice.The result is in accordancewith a pre-
vious study on ozone-exposedmice in which prevention
of neutrophil in¢ltration had no e¡ect on the leakage of
protein to the BALF (31). Possibly the neutrophils in the
lung in the presentmodel are only activated to a limited
extent.Major activation of the neutrophils and secretion
of superoxide radical should conceivably be more nox-
ious in the EC-SOD nullmice than in the controls.
EC-SODnullmice aremore sensitive to hyperoxia and
die prematurely with fulminant lung oedema (7). Aswith
ozone, there is nomajor primary increased formation of
superoxide radicals in the extracellular space. The en-
hanced response of the EC-SOD null mice to hyperoxia
is apparently caused by superoxide radicals formed as a
result of a secondary in£ammatoryreaction.The charac-
ters of the in£ammatory reactions caused by ozone and
hyperoxia, however, di¡er widely. The results from the
two models, together with previous ¢ndings that the
synthesis of EC-SOD is widely regulated by a variety of
in£ammatory cytokines (6), provide evidence that a phy-
siological role of the enzymemay be to serve as amodu-
lator of in£ammatory reactions.
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